Here, we describe a three-step nested-PCR-denaturing gradient gel electrophoresis (DGGE) strategy to detect sulfate-reducing bacteria (SRB) in complex microbial communities from industrial bioreactors. In the first step, the nearly complete 16S rRNA gene was amplified using bacterial primers. Subsequently, this product was used as a template in a second PCR with group-specific SRB primers. A third round of amplification was conducted to obtain fragments suitable for DGGE. The largest number of bands was observed in DGGE patterns of products obtained with primers specific for the Desulfovibrio-Desulfomicrobium group, indicating a large diversity of these SRBs. In addition, members of other phylogenetic SRB groups, i.e., Desulfotomaculum, Desulfobulbus, and Desulfococcus-Desulfonema-Desulfosarcina, were detected. Bands corresponding to Desulfobacterium and Desulfobacter were not detected in the bioreactor samples. Comparative sequence analysis of excised DGGE bands revealed the identity of the community members. The developed three-step PCR-DGGE strategy is a welcome tool for studying the diversity of sulfate-reducing bacteria.
Sulfate-reducing bacteria (SRB) form a phylogenetically diverse and heterogeneous group of anaerobic bacteria using sulfate as a terminal electron acceptor in the degradation of organic matter, resulting in the production of H 2 S. They are ubiquitous and play an important role in the biogeochemical sulfur cycle. Sulfate reduction dominates the organic matter degradation in environments with high concentrations of sulfate. It has been estimated, for instance, that sulfate reduction accounts for up to 50% of the total organic matter degradation in marine sediments (8) . Apart from marine sediments, their presence has also been demonstrated in other environments, such as freshwater lake sediments (30) , anaerobic biofilms (3, 26) , oil production facilities (24) , and wastewater treatment plants (20) . Although SRB are generally considered to be obligatory anaerobic bacteria, they have also been detected in aerobic environments, such as the oxic zones of cyanobacterial mats (9) and wastewater biofilms grown under oxic conditions (25) .
Because of the importance of SRB to critical processes in ecosystem functioning and environmental remediation, increasing interest in SRB has been shown over the last decade. Different culture-independent methods have been used to study SRB populations in various ecosystems, resulting in an increased knowledge of their diversity. 16S rRNA-targeted oligonucleotide probes specific for SRB have been used in fluorescence in situ hybridization for the detection of these microorganisms in a variety of environments (27) . Genes encoding important enzymes in the sulfur cycle have also been used to detect sulfate-reducing bacteria in different environments (14, 33) . 16S rRNA-targeted PCR primer sequences specific for SRB subgroups have been designed and used to detect phylogenetic subgroups of SRB (2) . Recently, a DNA microarray suitable for SRB diversity analysis has been developed and applied to detect SRB in complex environmental samples (11) .
Denaturing gradient gel electrophoresis (DGGE) of PCRamplified DNA fragments is another molecular tool that has been used to determine the presence and distribution of SRB in natural and engineered environments (29) . However, although successful, the banding pattern represents mainly the major constituents of the analyzed community (7) . Species that contribute less than 1% of the total population would not be readily detected by this molecular approach (15) .
Here, we present a novel strategy to overcome the difficulty in detecting low numbers of sulfate-reducing bacteria in complex microbial communities from natural environments. The strategy consists of a three-step nested-PCR-DGGE approach, i.e., a first amplification step with bacterial primers to amplify the nearly complete 16S rRNA encoding gene, subsequently, a second amplification step using SRB group-specific primers, and a last amplification step to create a DNA fragment suitable for DGGE analysis. Simultaneous DGGE analysis of PCR products obtained by the direct and the indirect approach made it possible to infer the relative abundance of SRB in the samples. The nested-PCR-DGGE approach described herein is a welcome tool in the diversity analysis of SRB in natural samples.
the pthalate-containing wastewater were 9,000 and 90 ppm, respectively, while the same in lactate-containing wastewater were 12,000 and 120 ppm, respectively. DNA extraction. Genomic DNA was isolated from the reference strains and the reactor samples using the Ultra Clean Soil DNA isolation kit (MOBIO Laboratories) according to the manufacturer's protocol. The yield and quality of DNA were analyzed electrophoretically on 1% (wt/vol) agarose gel.
Oligonucleotides used in this study. Details of the different oligonucleotides used in this study are shown in Table 1 . Oligonucleotides DFM140 to DSV838 are specific for the 16S rRNA of different phylogenetic groups of SRB designed by Daly et al. (2) . The primer pair GM3F/GM4R amplifies the nearly complete sequence of 16S rRNA of members of the bacteria domain (16) . The primer 341F(GC) can be used in combination with 518R for the amplification of bacterial 16S rRNA suitable for DGGE analysis (15) .
Amplification of the 16S rRNA using group-specific SRB primers. Amplification of 16S rRNA was attempted on the DNA extracted from the two reactor samples using SRB group-specific primers ( Table 1 ). The reactions were carried out as follows: 5-min initial denaturation of DNA at 95°C, followed by 30 cycles of 1-min denaturation at 94°C, 1-min primer annealing at the temperature specific for each primer pair (Table 1) , and 1-min extension at 72°C. Amplification was completed by a final extension step at 72°C for 7 min. A nested amplification of 16S rRNA was also attempted using the universal bacterial primers GM3F and GM4R (annealing temperature 45°C). The product obtained was used as template in the second PCR with group-specific primers.
Three-step nested-PCR-DGGE. Two strategies were used to analyze the bacterial community in the two reactors (Fig. 1) . First, the 16S rRNA fragment was amplified using the primer pair 341F(GC)/518R (Fig. 1A) . The PCR was performed using a touchdown annealing protocol (annealing temperature decreased from 65°C to 55°C in 20 cycles). Second, a three-step nested amplification was performed to obtain different SRB group-specific 16S rRNA fragments suitable for DGGE (Fig. 1C) . In the first step, a nearly complete 16S rRNA gene fragment was amplified using the universal primer pair GM3F/GM4R. The product obtained was used as a template for a second amplification with SRB groupspecific primers. Finally, to generate products suitable for DGGE, a third round of amplification was performed with DGGE primers 341F(GC) and 518R using the product of the second round as template.
The PCR products obtained were subjected to DGGE analysis. DGGE was performed as described by Muyzer et al. (17) . Briefly, a denaturing gradient of 35 to 75% denaturants (100% denaturants is a mixture of 7 M urea and 40% [vol/vol] formamide) was used in 6% (wt/vol) polyacrylamide gel. DGGE was performed in TAE (Tris-acetate-EDTA) buffer (1ϫ) at 60°C and at a constant voltage of 70 V for 16 h. Following electrophoresis, the gels were incubated in an ethidium bromide solution for 30 min and then rinsed in Milli-Q water before being photographed using a Bio-Rad GelDoc station. Individual bands were excised, reamplified, and run again on a denaturing gradient gel to check their purity. PCR products for sequencing were purified using the Qiaquick PCR purification kit (QIAGEN).
Comparative sequence analysis. The sequences were first compared to sequences stored in GenBank using the BLAST algorithm. Subsequently, the sequences were imported into the ARB software program, aligned, and added to a phylogenetic tree using the Quick add tool (12) . The alignment was further corrected by eye, and a definitive tree was calculated using the neighbor-joining algorithm with Felsenstein correction.
Nucleotide sequence accession numbers. The sequences were deposited in GenBank under the accession numbers AY817418 to AY817454.
RESULTS AND DISCUSSION
Direct and nested amplification using SRB group-specific primers. First, a direct amplification of the 16S rRNA encoding gene with genomic DNA extracted from the reactor samples and primers specific for different groups of SRB was attempted. A PCR product was obtained only with genomic DNA from a sample of reactor BSD2 and primers specific for members of the genera Desulfovibrio-Desulfomicrobium (i.e., target group 6). No products were obtained with other groupspecific primers and DNA extracted from either of the reactor samples. Nested amplification, however, yielded additional products corresponding to Desulfotomaculum (target group 1), Desulfobulbus (target group 2), and Desulfococcus-Desulfonema-Desulfosarcina (target group 5). A Desulfobulbus grouplike product was obtained from the BSD1 sample only, while the other groups were obtained from both the reactor samples. Daly et al. made similar observations while studying the SRB populations in landfill leachate using group-specific SRB primers. They could detect three of the six SRB groups using the direct PCR approach, while the additional two groups were detected only when a nested-PCR approach was applied (2). Nested-or double-PCR protocols have been used before to improve the sensitivity of detection (4, 5, 7, 10) . More recently, the nested-PCR approach, when used for the detection of chloroethane reductive dehalogenase genes, was found to increase the sensitivity by reducing the limit of detection to 10 2 copies/reaction (28) . The PCR products obtained by the direct and nested amplification indicated that only members of the Desulfovibrio-Desulfomicrobium group were dominant in the sample of the BSD2 reactor. Members belonging to the Desulfotomaculum, Desulfobulbus, and Desulfococcus-Desulfonema-Desulfosarcina group could be present in low numbers, as these were detected only after using the nested PCR. The enhanced detection signal in the nested PCR may be due to the first-round PCR resulting in the amplification of sufficient amounts of DNA even from the groups present in low numbers and also due to the dilution of inhibitory substances such as humic acids present in the sample. SRB belonging to the Desulfobacter or Desulfobacterium group were not detected in these reactor samples with either of the approaches. This corresponds to some of the previous studies that have found Desulfobacter (21, 34) and Desulfobacterium (6, 23) associated with marine environments.
SRB diversity analysis using a nested-PCR-DGGE strategy. The molecular detection of microorganisms by DGGE may become difficult if they are present in low numbers, even more so in case of sludge samples of wastewater treatment plants, which consist of a complex mixtures of microorganisms. The DGGE with eubacterial primers mainly detects the major constituents of the analyzed community overlooking the less abundant but potentially very important species (15) . The same problem was envisaged while analyzing the SRB populations in the sludge samples of BSD1 and BSD2 reactors, thus necessitating the use of nested-PCR-DGGE with SRB group-specific primers. A similar strategy has been successfully used in the detection of ammonia oxidizers, when the abundance of these microorganisms was 0.01% of the total bacterial population (22). Boon et al. (1) analyzed the diversity of bacterial groups from the wastewater treatment plants using the nested-PCR-DGGE approach, while the same approach was used for the species-specific analysis of bifidobacterial communities by Temmerman et al. (32) .
Two different strategies were applied to analyze the SRB diversity in the bioreactors. In the first approach (Fig. 1A) , the 16S rRNA products generated directly with the DGGE primers 341F(GC) and 518R from the DNA extract of the samples BSD1 and BSD2 were used for analysis in DGGE. The DGGE pattern obtained gave an overall bacterial diversity within the reactors. However, the pattern resulted in only a few bands that may be representing the dominant bacterial groups in the ecosystem. Only one weak band could be identified as that belonging to SRB (Fig. 2, band 5) , indicating that the SRB are not among the dominant community members in the reactors. This seems consistent with the results of direct PCR amplification performed to generate the SRB-specific 16S rRNA fragments. In the second approach (Fig. 1C) , the pattern derived from the products of three-step PCR consisted only of the SRB bands, since by using SRB-specific primers in the second step, this approach excludes the amplification of non-SRB bacteria (Fig. 2 , lanes 3 through 6 and 9 through 11; Table 2 ). This approach also enabled the comparison of the group-specific pattern of SRB to the bacterial community pattern of the same sample.
Initially, the two-step nested amplification products (Fig.  1B) from the samples were compared to the one-step direct amplification products and the DGGE pattern obtained (Fig.  2, lanes 1, 2, 7 , and 8) was found to be similar, if not identical. The bands in the DGGE pattern of nested products were found to be of increased intensity. The results of this comparison more or less ruled out the possible bias of preferential amplification from successive PCRs (31) . Moreover, according to previous studies (7), this bias of preferential amplification may be overestimated, and the intensity of the bands in DGGE corresponds semiquantitatively with the abundance of species.
The highest number of bands was observed in the DGGE FIG. 2. DGGE patterns of 16S rRNA fragments obtained after enzymatic amplification using different primer pairs and DNA from two anaerobic bioreactors. Lanes: 1 to 6, DGGE pattern of samples from BSD1; 7 to 11, DGGE pattern of samples from BSD2; 1 and 7, DGGE pattern obtained with PCR products amplified using strategy A; 2 and 8, DGGE pattern obtained from the product amplified using the two-step nested approach (strategy B); 3 and 9, pattern obtained when primers specific to the Desulfotomaculum group were used in the three-step nested approach; 4, pattern obtained when primers specific to the Desulfobulbus group were used in the three-step nested approach (strategy C); 5 and 10, pattern obtained when primers specific to the Desulfococcus-Desulfonema-Desulfosarcina group were used in the three-step nested approach; 6 and 11, pattern obtained when primers specific to the Desulfovibrio-Desulfomicrobium group were used in the three-step nested approach. Bands that were excised for sequence analysis are numbered.
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pattern of the Desulfovibrio-Desulfomicrobium group, indicating a very high diversity within this group (Fig. 2, lanes 6 and  11) . Although the Desulfovibrio-Desulfomicrobium-like products could be amplified through direct amplification, indicating their abundance in the overall bacterial community, no DGGE band in the overall bacterial community pattern could be identified as belonging to the Desulfovibrio-Desulfomicrobium group. The reason may be the high diversity within this group, resulting in too little PCR product per species to give visible bands. The choice of the primer pair 341F(GC) and 518R, which generates DNA fragments suitable for DGGE analysis, was made because all DNA fragments obtained with the SRB groupspecific primers in the second amplification step included the target sites for these DGGE primers. However, primer pair 341F(GC) and 907R, which amplified a larger gene fragment with more sequence information, gave good results as well, although only for those SRB group-specific primers that included the target sites for these primers, i.e., primers for the Desulfobulbus and Desulfococcus-Desulfonema-Desulfosarcina group (results not shown).
Comparative sequence analysis. Separated DNA fragments were excised and sequenced to substantiate the presence of particular SRB groups in the two reactors. A total of 46 bands (Fig. 2) were excised from the DGGE patterns, out of which 9 yielded ambiguous sequences, which were not further analyzed. By using the BLAST search algorithm, high similarity values were found with sequences of SRB for which the primers were designed (Table 2 ). Phylogenetic analysis confirmed these results (Fig. 3) . The sequences of DGGE bands BSD-S14 to BSD-S16 nicely grouped with the sequence of Desulfobulbus propionicus. The sequences of band BSD-S19 and BSD-S35 to BSD-S38 grouped together and were affiliated with Desulfosarcina variabilis. The sequences of bands BSD-S39 to BSD-S44 formed a coherent group with the closest relative, Desulfovibrio fructosivorans, while the sequences of bands BSD-S20 and BSD-S23 to BSD-S26 were grouping with the sequence of Desulfovibrio aminophilus. The sequences of BSD-S5, BSD-S6, and BSD-S32 to BSD-S34 formed a group distantly related to Desulfotomaculum geothermicum, while the sequence of bands BSD-S45 and BSD-S46 were more related to Desulfotomaculum nigrificans.
The bacterial pattern obtained from the sludge samples of the two reactors showed the presence of only a few dominant species, none of which belonged to SRB. Detection of SRBrelated bands from the same samples when SRB-specific primers were used confirmed that the DGGE pattern does not 
Desulfovibrio sp. BG6 (U85468) 96 ␦-Proteobacteria a Bands BSD-S1 to BSD-S46 are the same bands as S1 to S46 in the denaturing gradient gel (Fig. 2) , BSD-S1 to BSD-S28 were obtained from bioreactor BSD1, and BSD-S29 to BSD-S46 were obtained from bioreactor BSD2.
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reflect the actual diversity of, but only numerically dominant species in, the sample. Sequencing of DGGE bands from the bacterial pattern of the two samples showed that the bacterial populations belonged to ␥-and ␦-proteobacteria as well as flavobacteria. DGGE analysis of one-step PCR products from the BSD1 sample revealed three dominant bands of which band BSD-S4 (Fig. 2, lane 1) seemed to be the most intense. The sequence of this band was found to be affiliated with the bacterial genus Syntrophus, which forms syntrophic relationships with methanogens. The presence of aromatic compounds like phthalate and benzoate in the wastewater fed to the reactor BSD1 explains the predominance of Syntrophus buswellii in this reactor. These bacteria degrade aromatic compounds such as benzoate to acetate and hydrogen. In the terephthalate-degrading anaerobic sludge system, ␦-proteobacteria closely affiliated with the bacterial genera Syntrophus that form syntrophic relationships with methanogens to degrade aromatic compounds have been found (35) .
The other two sequences (bands BSD-S1 and BSD-S2) also seemed predominant members of the microbial community.
Band BSD-S1 had 96% sequence similarity to Flavobacterium strains, and band BSD-S2 had 99% sequence similarity to ␥-proteobacteria. Populations related to Chryseobacterium spp. represented band BSD-S1, and Pseudomonas spp. represented band BSD-S2. Anaerobic metabolism of phthalate and other aromatic compounds by denitrifying bacteria like Pseudomonas has been already established (18, 19) .
The bacterial pattern in reactor BSD2 (Fig. 2 , lanes 7 and 8) did not show many intense bands. Only a few weak bands were visible, of which two could be sequenced. The sequencing showed that the bands belonged to either uncultured bacteria or Flavobacterium-like species. Members of the CytophagaFlavobacterium group are ubiquitous microorganisms and are known to have a diverse physiology. Previous studies (13) have found Cytophaga-Flavobacterium among the dominant members in industrial treatment facilities.
In conclusion, the described three-step nested-PCR-DGGE approach makes it possible to study the diversity of sulfatereducing bacteria with high resolution in samples from mixed microbial communities containing SRB in low number. However, the specificity of the primers targeting different phyloge- FIG. 3 . Phylogenetic tree showing the affiliation of sulfate-reducing bacteria from two different anaerobic bioreactors. The numbers of the sequences in this tree (e.g., BSD-S16) refer to the numbers in the denaturing gradient gel (i.e., S16 [ Fig. 2]) . The bar indicates 10% sequence variation.
VOL. 71, 2005
DIVERSITY ANALYSIS OF SULFATE-REDUCING BACTERIA 2329 netic groups of SRB is of prime importance for the success of this approach. The method is robust, reproducible, and rapid and reveals sequences for phylogenetic analysis and probe design.
